The behaviour of thin composite laminates analyses.
INTRODUCTION
The use of laminated composite materials is, When the deflection of the sublaminate subjected to local buckling is free to occur we talk about unconstrained buckling, while constrained buckling occurs when the local buckling of one (or more)
sublaminates is prevented by adjacent sublaminates.
The aim of the buckling analysis is to determine the critical load in correspondence with the neutral equilibrium between external and internal forces under 1 Phone: +39916657124, Fax: +3991484334, Email: tumino@dima.unipa.it large deflection conditions, and the related deformed shape of the structure. Some authors use analytical solutions for this problem. Shu 111 solved the case of a beam with two centred delaminations; sublaminates are considered as beams linked to each other. Chen 131 has solved the case with a single delamination; sublaminates are treated as plates and the solution is achieved using energetic methods; the possibility for the crack to grow is considered by evaluating the strain energy release rate /4/. All analytical approaches apply to single or double delaminated specimens and in the case of unidirectional laminates. When dealing with a greater number of delaminations or with different stacking sequences, alternative methods must be used, as experiments or numerical analyses.
With FEM the buckling problem can be solved adopting a linear and a nonlinear approach. Linear buckling furnishes information when the structure has reached the neutral equilibrium between external loads and elastic reactions (the bifurcation point), under the hypotheses that the load-displacements diagram is linear as load increases and large displacements occur just at the moment of buckling. In 151 linear buckling analyses of multi-delaminated composite plates are performed, using shell elements with Mindlin formulation; interpenetration between sublaminates is avoided using penalty functions.
Non-linear buckling with FEM allows one to consider the presence of large deflections and contact constraint between sublaminates; this means that not only the bifurcation point but also pre-and postbuckling phases can be studied without any restrictive hypothesis. In 161 and Π! the case of a single delamination with different lengths is analysed in unidirectional and cross-ply laminates either as throughthe-width and as embedded circular flaws, modelling the structure with shell elements. Shell elements are also used in /8/ for cases of multi-delaminations in unidirectional laminates. In 191 and /10/ composite laminates, with fibres oriented along the load direction, are studied in the presence of multiple delaminations variable in number and length using a model meshed with 2D plane elements; a comparison between linear and non-linear method has also been done.
In a previous work /ll/ the effects of number, position and the length of delaminations and stacking sequence in unidirectional and cross-ply specimens were examined by performing 2D plane FE analyses. In the present work angle-ply laminates are also considered with the aim to understand the influence of the misalignment of laminae on the critical load of a multidelaminated specimen. The use of 3D models is required by such problems. Results obtained both with linear and nonlinear numerical approaches are validated with analytical and numerical results from the literature. graphite/epoxy material, which elastic properties are reported in Table 1 .
To analyse the problem, 3D FE models have been realised. The mesh is obtained using hexahedral structural 8-noded elements from the element library of the code ANSYS®. To avoid interpenetration between adjacent sublaminates during the buckling process, surface-to-surface contact elements have been added in the delaminated areas. The total number of elements is a compromise between accuracy of results and computational effort: preliminary analyses have been performed in order to search for an optimal value for the element dimension. Figure 3 shows the variation of the eigenvalue λ with the total number of nodes of the structure for a unidirectional undelaminated specimen.
From this graph one can observe that an approximate number of 5TO 4 nodes gives satisfactory results.
The model is such that any stacking sequence can be simulated and the angle of misalignment of the laminae can vary from 0° to 90°. Delaminations can be inserted between each pair of adjacent laminae. 
Analysed model and procedure setup
Assume that the specimen is clamped at the two ends and that delaminations are through the width and centred with respect to the length (see Fig. 2 ). It is also assumed that the length of the delaminations remains constant during the analysis.
Geometric and elastic properties are taken from /13/.
In particular, the entities that do not vary are: height H= 1.776 mm, length L=90 mm, width 5=18 mm.
Specimens are made of «=16 laminae of a 
NUMERICAL RESULTS

Comparison between 2D and 3D analyses
A preliminary activity has been accomplished to One can observe that the main loss of load capability due to the instability appears in the mixed buckling phase. There is a very good agreement between results reported in Fig. 4 relative to 3D analyses. The presence of delamination at the interface between laminae with different angles has a strong influence on the buckling behaviour of the specimen, also for very small value of a/L. As the delamination length increases, the critical load decreases to negligible value (for a/L= 1 we calculate P/P c =4%).
The same agreement is appreciable between results of 2D analyses from /11/ and results from 3D analyses in Table 2 . 
3.2.3D simulations for angle-ply specimens
Three types of angle-ply laminates have been studied using 3D models:
• In this case the differences between linear and nonlinear approach are not negligible. Table 3 
Table 3
Normalised buckling load for the [O4laminate. For the laminates AP3 with 6 delaminations, the normalised buckling load with the relative crack length has been studied for #=30° and 0=45°. 
